Introduction {#S0001}
============

During the last decade, important efforts have been made to understand the composition and ecology of the microbiota in the oral cavity \[[1](#CIT0001),[2](#CIT0002)\]. Although the oral microbiome is considered one of the most stable human-associated microbiotas, the variability of ecological conditions that can be found in the different regions in the mouth makes the oral microbiota diverse and niche-specific \[[3](#CIT0003),[4](#CIT0004)\]. For example, although the vestibular and lingual regions of teeth are relatively close and one could expect them to share to a certain extent their microbial profile, the lingual contact seemed to strongly affect the *Streptococcus* and *Fusobacterium* abundance, among other microorganisms \[[5](#CIT0005)\]. This variability among oral niches has increased the difficulty to study the oral microbiota, and a more precise, site-specific sampling has been proposed \[[6](#CIT0006)\].

It is well established that the microbial composition in the oral cavity has severe health implications both locally and systemically \[[7](#CIT0007)\]. In fact, caries and periodontitis are among the most prevalent chronic diseases worldwide (<https://www.who.int/oral_health/disease_burden/global/en/>) and both develop as a consequence of bacterial metabolism \[[3](#CIT0003),[8](#CIT0008)\]. Some studies have focused on the comparison of caries- and health-associated microbiotas in dental plaque in order to understand the variations leading to dental demineralization \[[9](#CIT0009)\], concluding that oral pathologies are tissue-dependent and have a polymicrobial aetiology \[[3](#CIT0003),[9](#CIT0009)\]. In addition, several studies have shown that the frequency of certain acidogenic species appears to be related to caries status and that it can also be related to the risk of a given individual to undergo tooth decay \[[10](#CIT0010)\].

However, the microbiota associated with one of the regions with the highest risk of caries, i.e. the interdental or interproximal (IPr) sites, has been understudied \[[11](#CIT0011)\]. Moreover, IPr caries lesions are hard to detect and X-ray images are normally necessary, except for those cases were the dissolution of hydroxyapatite matrices of enamel and dentine is so advanced that it can be visually diagnosed \[[12](#CIT0012)\]. Although previous studies have looked for specific pathogens associated with IPr sites, the whole microbial community has not been studied to date \[[13](#CIT0013)\].

Previous next-generation sequencing (NGS) studies have concluded that dental plaque-associated microbiota can influence caries development \[[14](#CIT0014)\]. Thus, a putative explanation for the higher incidence of caries in IPr sites could be a more acidogenic microbiota. In the present manuscript, we aimed to describe the IPr-associated microbial composition and to compare it with the vestibular and lingual microbiota in order to evaluate if the increased caries risk at IPr sites could be partly explained by a different bacterial community. In addition, a second sample was collected after 1 month, in order to assess the stability of those bacterial populations through time. Our data report for the first time the IPr-associated bacterial community of healthy adolescents and young adults using high-throughput Illumina sequencing of the bacterial 16S rRNA gene.

Material and methods {#S0002}
====================

Sampling {#S0002-S2001}
--------

Samples were collected from 10 patients (7 females and 3 males; 12--25 years old, [Table A1](#T0001)) who were non-smokers, had not taken antibiotics for the last 3 months, had not used antiseptic mouthwashes in the last three months and had not performed interproximal brushing nor dental floss hygiene, had no caries lesions in premolars and had no periodontal inflammation. Air and exploration probes were used to check for caries using World Health Organization criteria while periodontal probes were used for confirming lack of periodontal inflammation. Patients were asked to toothbrush using Bass and rotational technique the night before samples were taken and during the month in between sampling days. Patients were asked to refrain from eating 1 hour before sampling and did not brush the days samples were collected. Menstrual cycles, oral consumption of contraceptives and daily times were not recorded. Samples were collected in the afternoon.

Dental plaque was sampled from the interproximal region with sterile dental floss reaching the bottom of the groove, on mesial and distal sides between upper left first and second premolars (1.4 and 1.5 teeth) and repeated again in the same patients after 1 month \[[13](#CIT0013)\]. Vestibular (buccal) and Lingual (palatine) samples were obtained with an autoclaved spoon excavator at tooth 1.4 \[[5](#CIT0005)\]. In both cases, the obtained plaque was placed in sterile 1.5 ml tubes with saline solution and kept at -- 20ºC until DNA was extracted.

DNA extraction {#S0002-S2002}
--------------

DNA extraction was performed using the MagNa Pure LC DNA Isolation kit II (Roche®) and a MagNa Pure Instrument. Protocol was used as indicated by the company with some modifications following Dzidic et al. 2018 \[[15](#CIT0015)\]. In summary, samples were lysed using 3 × 10 seconds cycles of ultrasounds, enzymatic digestion with an enzyme cocktail of lysozyme (100 mg/ml), lysostaphin (5 kU/ml) and mutanolysin (2.5 kU/ml), followed by protein degradation with Proteinase K.

After cleaning and measuring the DNA, the V3-V4 hypervariable region of the 16S rRNA gene was amplified using universal primers optimized for Illumina sequencing, following Dzidic et al. 2018 \[[15](#CIT0015)\]. Library was constructed following the 16S rRNA gene Metagenomic Sequencing Library Preparation Illumina protocol (Part \#15,044,223 Rev. A) and sequenced at the sequencing service at the FISABIO Institute (Valencia) using the 2 × 300 bp paired-end Illumina protocol.

Bioinformatic analyses {#S0002-S2003}
----------------------

Reads were pre-processed before taxonomical classification. This included a length and quality filter, as well as an end-trimming procedure, following Dzidic et al. 2018 \[[15](#CIT0015)\]. Reads were denoised and chimeras detected and eliminated. Taxonomical assignment processes were performed using dada2 \[[16](#CIT0016)\]. The SILVA database was used as a reference to assign the reads at the genus and species level \[[17](#CIT0017)\]. In order to assign taxonomically at the species level, a minimum of 97% of identity was established, whereas no threshold was used for genus-level assignment. If the same sequence was assigned to more than one species with the same similarity value, assignment was made at the genus level only.

Taxonomic differences among groups were assessed using Wilcoxon rank sum paired tests, with Bonferroni corrections for multiple comparisons. R was used to make heatmaps, principal component analyses (PCA) and canonical correlation analysis (CCA) to plot these differences \[[18](#CIT0018)\].

Results and discussion {#S0003}
======================

Several studies have focused on the description of caries- or periodontitis-associated microbiota \[[3](#CIT0003),[8](#CIT0008)\]. However, the microbiota attached to the IPr regions, where caries incidence is one of the highest and the diagnosis the hardest, has not been assessed by high-throughput sequencing \[[19](#CIT0019)\]. Here, we sampled the IPr plaque between premolars of the first quadrant and sequenced the 16S rRNA gene in order to describe the associated microbiota. Moreover, vestibular and lingual regions were also sampled at the same time point and teeth. Finally, to assess the variability of these microbiotas over time, dental plaques were sampled again after one month. After quality filtering, we obtained an average of 71,486 ± 12,033 reads per sample. Sequences were deposited in the public repository SRA under Accession Number PRJNA545410. Microbial communities associated with the three studied regions were compared between female and male participants in order to discard a putative effect of sex. No statistically significant differences between the two groups were observed over the IPr, vestibular and lingual-associated microbiotas (CCA Analysis, Adonis p-value \>0.1 in all cases). However, given the unequal distribution of age and sex, an effect of hormones on microbiota composition cannot be discarded.

IPr-associated microbiota {#S0003-S2001}
-------------------------

The taxonomic analysis of IPr samples showed that 80% of the microbial community was occupied by 14 genera, most of them with similar percentages. Among them, *Streptococcus* displayed the highest average value (25%) followed by *Veillonella* (10%), *Rothia* (6%) and *Neisseria* (4.7%) ([Figure 1(b)](#F0001)).10.1080/20002297.2019.1687397-F0001Figure 1.Bacterial composition at interproximal sites and their associated vestibular and lingual surfaces. (a). Dental floss sampling at the interproximal (IPr) region between teeth 1.4 and 1.5, and sampling of supragingival dental plaque at vestibular and lingual surfaces with an autoclaved spoon excavator. The pictures are merely illustrative and were taken from a different patient which was not part of the study. (b). Bacterial community composition at genus level in the three sampled regions, as determined by 16S rRNA gene Illumina sequencing.

These genera are usual members of the oral communities described so far \[[20](#CIT0020)\]. *Rothia, Neisseria, Actinomyces, Corynebacterium* or *Haemophilus* are known commensal or symbiotic members of the oral microbiota. On the other side, *Streptococcus, Prevotella, Veillonella* and *Fusobacterium* are genera in which different species have been related to healthy and diseased conditions (caries, periodontitis, halitosis and even oral cancer) \[[21](#CIT0021)--[25](#CIT0025)\].

When the microbiota was analysed at the species level, the top 10 most abundant members were: *Streptococcus oralis* (15%), *Veillonella parvula* (6.4%), *Rothia aeria* (4.18%), *Streptococcus cristatus* (3.86%), *Granulicatella adiacens* (3.21%), *Fusobacterium nucleatum* (3%), *Scardovia wiggsiae* (2.77%), *Lautropia mirabilis* (2.62%), *Atopobium parvulum* (2.62%) and *Streptococcus sanguinis* (2.47%).

Differences in microbiota between IPr, vestibular and lingual regions {#S0003-S2002}
---------------------------------------------------------------------

Supragingival dental plaque was also sampled from the vestibular and lingual surfaces from 1.4 teeth in the 10 patients ([Figure 1(a)](#F0001)). Vestibular (V) and lingual--associated (L) microbiotas presented considerable similarities with IPr-associated microbial populations ([Figure 1(b)](#F0001)). For example, *Streptococcus* was also the main genus (22.7% at V sites and 15.4% at L sites). In addition, *Veillonella* (5.6% V -- 6.3% L), *Rothia* (7% V -- 10% L) or *Neisseria* (5% V -- 7% L) had similar percentages. Statistical analyses considering all bacteria detected, including PCA (data not shown) and CCA analyses ([Figure 2(a)](#F0002)) showed differences among the three groups (p-value\<0.005). This suggested that IPr, V and L-associated microbiotas were different and supported previous studies in which V and L microbiotas were compared \[[5](#CIT0005)\].10.1080/20002297.2019.1687397-F0002Figure 2.Comparison of microbiota associated with interproximal, vestibular and lingual regions. Samples are visualized in a PCA plot according to the relative abundance of genera, as determined by 16S rRNA gene Illumina sequencing (a). The estimated richness of bacterial species in each region is shown as rarefaction curves (b).

To further identify which genera were causing the differences between groups we used Wilcox-paired tests and plotted the differences in a heatmap ([Figure 3](#F0003)). Only two genera were differentially abundant when the IPr- and V-associated microbiotas were compared whereas the differences between IPr and L sites increased up to 16 genera. Moreover, when rarefaction curves were plotted, IPr and V bacterial communities showed higher diversity than the corresponding L samples ([Figure 2(b)](#F0002)). This suggests that IPr microbiota was more similar to that of the equivalent vestibular regions of the teeth than to the corresponding lingual surfaces. Even though the vestibular region is more accessible to toothbrushing than IPr and therefore differences among these microbiotas would be expected, the presented results suggest that other factors could be homogenizing the microbial communities in these two regions, while the lingual bacterial community would be more unique. Other studies have also reported profound differences in bacterial composition between the lingual and vestibular surfaces, even those of the same tooth \[[5](#CIT0005),[26](#CIT0026)\] and several environmental factors have been proposed to influence that distinct microbial composition, namely variations in pH at different locations of the mouth \[[27](#CIT0027)\], the buffering effect of saliva, oxygen concentration \[[5](#CIT0005)\] or access to efficient toothbrushing. In addition, the contrast in bacterial composition between the studied niches could be partly due to differences in biofilm formation. For instance, the mechanical activity of the tongue at lingual surfaces may be constantly removing the biofilm or providing colonizing inocula with tongue-associated bacteria. In addition, important bacteria for biofilm architecture, like *Fusobacterium*, were found at different levels between vestibular and lingual regions of the same teeth \[[5](#CIT0005)\]. Thus, future work should study whether the biofilm formed at the vestibular surfaces serves as inoculum for IPr biofilm formation, or whether their similarity is a consequence of similar physico-chemical features of the two niches.10.1080/20002297.2019.1687397-F0003Figure 3.Differentially represented bacterial genera at interproximal sites and their associated vestibular and lingual regions. The abundance of differentially represented genera in the three analyzed regions is presented in a heatmap (left) and in bar plots (right). When a genus is significantly more abundant in one region, this is highlighted by box in the heatmap, and by asterisks in the bar plots (\*: p-value\<0.1; \*\*: p-value\<0.05).

On one hand, *Corynebacterium, Actinomyces, Lautropia* and *Pseudopropionibacterium* were statistically more represented in the L region than in the V or IPr sites. Similarly, three additional genera were statistically more abundant in L sites than in the IPr region, namely *Abiotropia, Cardiobacterium* and *Aggregatibacter*. In relation to these genera, metagenomic and microscopy studies pointed at *Corynebacterium* as a key taxon in supragingival plaque architecture and composition, usually associated with health \[[28](#CIT0028),[29](#CIT0029)\]. Similarly, *Actinomyces* has been found associated with healthy communities when compared with periodontitis \[[24](#CIT0024),[30](#CIT0030)\]. Analysis at the species-level OTUs indicated that *Abiotrophia defectiva* was found at significantly higher levels in lingual surfaces compared to the IPr region. This species has been found in higher proportions in caries patients compared to healthy individuals \[[31](#CIT0031)\]. However, other studies have found this bacterium associated with a caries-free microbiome \[[32](#CIT0032),[33](#CIT0033)\]. Although *Aggregatibacter actinomycetemcomitans* has been several times associated with oral diseases \[[34](#CIT0034)\], it was the little studied *A. aphrophilus* the species significantly more represented in the lingual region \[[35](#CIT0035)\]. Some *Aggregatibacter* OTUs have been associated with intra-oral halitosis and periodontitis \[[24](#CIT0024)--[26](#CIT0026),[36](#CIT0036)\]. Lastly, *Cardiobacterium hominis* abundance has been correlated with aggressive periodontitis \[[37](#CIT0037)\] and Colombo et al. found a significant reduction in this genus after treatment \[[38](#CIT0038)\].

On the other hand, we found a group of genera at significantly higher levels in IPr than L surfaces, including *Streptococcus, Oribacterium, unknown Absconditabacteriales SR1, Bergeriella, Prevotella, Dialister, Selenomonas, Atopobium* and *Scardovia*. From these, *Prevotella* and *Dialister* are known oral members usually associated with periodontitis, caries, intra-oral halitosis and also with oral cancer \[[21](#CIT0021)--[25](#CIT0025)\], and their potential contribution to gingival inflammation, which is especially common in orthodontic patients \[[39](#CIT0039)--[41](#CIT0041)\], should be evaluated in the future. In addition, *Scardovia wiggsiae*, which has recently been shown to be strongly associated with early childhood caries, was also enriched at IPr sites in comparison with lingual surfaces \[[33](#CIT0033),[42](#CIT0042)\]. It has to be mentioned that the abundance of *Scardovia* was highly variable among IPr samples and additional studies should confirm its enrichment in this region. Other cases in which those genera have been associated with dental diseases such as caries or periodontitis are *Atopobium* or *Selenomonas* \[[43](#CIT0043),[44](#CIT0044)\]. This suggests that the bacteria at IPr sites may be more cariogenic than the equivalent microbial communities at the free surfaces on the lingual side from the same teeth. On the other hand, *Gemella* was found at significantly higher levels in IPr sites vs the L and V regions. This bacterium, together with *Bergeriella* and *Oribacterium*, has usually been associated with disease-free microbiotas \[[25](#CIT0025),[45](#CIT0045),[46](#CIT0046)\].

Variations over time {#S0003-S2003}
--------------------

When comparing the IPr, V and L microbiotas at the two time points (t0 and after 1 month, t1) they appeared to be extremely similar within each patient, and only small differences were detected. Six genera were found at significantly different levels at the two time points in the IPr region, namely *Kingella, Pseudopropionibacterium, Johnsonella, Bergeriella, Capnocytophaga and Granulicatella*. However, when samples were grouped in PCA analyses we found no significant clustering by sampling time (p-value\>0.1) and samples from the same individual at the two time points tended to cluster together ([Figure 4](#F0004)). This suggested that the IPr-associated microbiota remain stable after one month in the healthy patients studied and supports that although the amount of interproximal plaque that can be collected with dental floss is limited, this sampling method appears to be reproducible. It also suggests that one month after sampling, the IPr biofilm is fully restored, and that the bacterial communities inhabiting the interdental niche are mainly unaffected by standard toothbrushing. Similarly, V- and L-associated microbiotas were stable over time and only one genus presented variations at the two time points, namely *Rothia* and *Johnsonella*, respectively. It is difficult to know why these genera changed in proportion between the two time points, and it could be part of the normal variability in oral microbiota composition, which has been shown to have certain degree of fluctuation at different time points \[[47](#CIT0047)\]. Thus, the data suggest that vestibular, lingual and IPr sites are microbiologically distinct niches that contain a relatively stable bacterial composition through time.10.1080/20002297.2019.1687397-F0004Figure 4.Variation of bacterial composition at the 1.4--1.5 teeth interproximal region through time. The composition at genus level was analysed by comparing the clustering of samples taken from the interproximal region at t0 and 1 month after (t1) by Principal Components Analysis (PCA). Samples from the same patient are drawn with the same colour.

Conclusions {#S0004}
===========

In conclusion, the presented results suggested that the different environmental conditions at the IPr region may influence the associated microbiota, which appears to be specific of this niche and stable through time. Although the differences of the microbial composition between IPr sites and vestibular and lingual regions are relatively small, some genera that appear to be more represented in the IPr areas than in lingual surfaces (such as *Prevotella, Dialister, Scardovia, Atopobium* or *Selenomonas*) have been associated with oral diseases. Therefore, we hypothesize that if the appropriate conditions for caries development are present, the IPr-associated microbiota may increase the risk for caries development and gingival inflammation, at least in comparison with the lingual region. This could be particularly relevant after orthodontic treatment, and future work should study the potential changes in IPr microbiota induced by brackets or other orthodontic appliances.
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[^1]: F, female

    M, male
